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Understanding and controlling collisions is crucial to the burgeoning field of ultracold molecules.
All experiments so far have observed fast loss of molecules from the trap. However, the dominant
mechanism for collisional loss is not well understood when there are no allowed 2-body loss processes.
Here we experimentally investigate collisional losses of nonreactive ultracold 87Rb133Cs molecules,
and compare our findings with the sticky collision hypothesis that pairs of molecules form long-lived
collision complexes. We demonstrate that loss of molecules occupying their rotational and hyperfine
ground state is best described by second-order rate equations, consistent with the expectation for
complex-mediated collisions, but that the rate is lower than the limit of universal loss. The loss is
insensitive to magnetic field but increases for excited rotational states. We demonstrate that dipolar
effects lead to significantly faster loss for an incoherent mixture of rotational states.
I. INTRODUCTION
A growing number of experiments now produce
ground-state polar molecules at ultracold temperatures,
either by associating pairs of atoms [1–8] or by direct
laser-cooling of molecules [9, 10]. These experiments
offer an exciting new platform for the study of ultra-
cold dipolar gases [11–15] and quantum-state-controlled
chemistry [16–19]. For molecules produced by associa-
tion, the sample densities are sufficiently high that molec-
ular collisions are important and measurable. Yet a
proper understanding of ultracold molecular collisions re-
mains elusive.
For ultracold atomic systems, a detailed understand-
ing of collisions has been developed through decades of re-
search comparing theory and experiment [20, 21]. In par-
ticular, the control of interactions through intra-species
magnetic Feshbach resonances [21–24], with quantitative
calculations of the scattering length, has proved cru-
cial. For example, it has allowed study of the BEC-
BCS crossover in Fermi gases [25–31] and of Efimov
physics [32–42]. A detailed understanding of collisions
will be equally crucial in future experiments with ultra-
cold molecular gases.
There has been relatively little comparison of exper-
iment and theory for molecular collisions. Many alkali
dimers can undergo exoergic two-body exchange reac-
tions of one or more of the types
2XY→ X2 + Y2;
2XY→ X2Y + Y;
2XY→ X + XY2.
(1)
Ultracold collisions between such molecules have been
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studied experimentally in KRb [15, 43, 44], NaLi [7],
and triplet Rb2 [45]. Collisional loss was found to occur
with high probability for molecular pairs that reach short
range, and was attributed to the reactions (1). However,
there are other alkali dimers, such as NaRb and RbCs
in their vibronic ground states, for which all the reac-
tions (1) are energetically forbidden [46]. Surprisingly,
these also show high collisional loss rates. For example,
Ye et al. [47] compared the loss rate for NaRb molecules
in the ground and first-excited vibrational states, and
found high loss and heating rates regardless of the ener-
getics of the reactions.
One possible mechanism for fast losses of chemically
stable species has been proposed by Mayle et al. [48, 49].
They argue that the large number of rovibrational states
available supports a dense manifold of Feshbach reso-
nances. Resonant collisions may form long-lived two-
molecule collision complexes. A further collision between
a complex and a molecule can then lead to loss of all
three molecules from the trap. Complexes may also be
lost by other mechanisms. Complex formation may pro-
duce second-order kinetics even if the loss is three-body
in nature. Nevertheless, the three-body loss is effectively
enhanced by the long lifetime of the complexes. We refer
to this as the sticky collision hypothesis.
The lifetime τ of a collision complex is related to
the resonance width Γ by τ = ~/Γ . The model of
Mayle et al. assumes that the mean width is 〈Γ 〉 =
No/2piρ, where ρ is the density of states and No is the
number of open channels for the free molecular pair. This
is based on Rice-Ramsperger-Kassel-Marcus (RRKM)
theory [50] and effectively assumes that the motion is
ergodic, i.e. that energy is fully randomised in the com-
plex. For collisions of RbCs in the rovibrational ground
state, No = 1 and the predicted density of states is
ρ/kB = 942 µK
−1 (ρ/µmag = 368 G−1) [49]; this gives a
sticking lifetime of 45 ms.
In the following, we test the model of Mayle et al.
by measuring loss from an optically trapped sample
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2of ground-state RbCs molecules. These molecules are
chemically stable against all available two-body atom-
exchange reactions [46], yet fast losses are still observed.
We demonstrate that the loss is best described by a rate
equation that is second-order in the density. We inves-
tigate the temperature dependence of the loss in the ro-
tational and hyperfine ground state, and compare our
results to a single-channel model that uses an absorb-
ing boundary condition to take account of short-range
loss [51, 52]. We find a significant difference between the
measured loss rates and those expected in the universal
limit, in which all two-body collisions that reach short
range lead to loss. We then increase the internal energy
of the molecule, both by varying the magnetic field and
by preparing the molecules in excited rotational and/or
hyperfine states, and observe similar loss rates. Finally,
we prepare the molecules in an incoherent mixture of
ground and first-excited rotational states. In this mix-
ture we observe a much faster loss than for molecules in a
single state. Taken together, our measurements support
the sticky collision hypothesis, but with a rate lower than
predicted by the full model of Mayle et al.. This may
arise from a breakdown of ergodicity, manifested as an
average width smaller than predicted by RRKM theory
and perhaps due to a geometrical restriction on complex
formation.
RESULTS
Measuring loss due to molecule-molecule collisions
Our experiments are performed with a gas of
X1Σ+ RbCs molecules, initially occupying the rovi-
brational and spin-stretched hyperfine ground state
|N = 0,MN = 0,mRbi = 3/2,mCsi = 7/2〉 at a magnetic
field of 181.5 G. Here, N is the rotational quantum num-
ber with projection MN along the quantization axis, and
mRbi and m
Cs
i are the atomic nuclear spin projections.
The molecules are confined to an optical dipole trap
(ODT) with typical initial temperature 1.5(1) µK and
peak density of 1.9(2) × 1011 cm−3. We observe loss
of molecules as a function of hold time in the ODT as
shown in Fig. 1. A molecule is considered ‘lost’ either if
it is ejected from the trap or if it is in a state other than
that in which it was prepared (including a complex).
To characterize the dominant loss mechanism, we
model the rate of change of density n as n˙(r, t) =
−kγn(r, t)γ , where the power of the density γ = 1, 2 or
3 corresponds to losses where the rate-determining step
is a one-, two-, or three-body process, respectively. We
FIG. 1. Loss of ground state molecules. Collisional loss
of molecules in |N = 0,MN = 0,mRbi = 3/2,mCsi = 7/2〉 with
initial temperature of 1.5(1) µK and peak density 1.9(2) ×
1011 cm−3. Each result is the mean of at least 5 experimental
runs, with standard error shown. The solid black line shows
a fit to the coupled rate equations given in Eq. 2 with 1 stan-
dard deviation (σ) uncertainty in γ shaded. The dashed lines
show fits to the data with fixed γ = 1, 2, 3 corresponding to
one-, two-, and three-body loss respectively. Inset: Density
dependence of the initial loss rate on a log-log scale. The ver-
tical error bars show the 1σ uncertainty in the linear gradient
fitted to the first 200 ms of each loss measurement, and the
horizontal error bars show the 1σ uncertainty in the density
derived from the uncertainties in the starting temperature,
number, and trap frequencies. The solid line is a linear fit,
with 1σ uncertainty in the gradient shaded, while the dashed
lines indicate the expectations for one-, two-, and three-body
loss.
numerically solve the coupled rate equations
N˙mol(t) = −kγC(γ−1)
(
Nmol(t)
γ
γ3/2T (t)(3/2)(γ−1)
)
,
T˙ (t) = kγC
(γ−1)
(
γ − 1
2γ
)(
Nmol(t)
γ−1
γ3/2T (t)(3γ−5)/2
)
,
(2)
and fit the variation in number with γ and kγ as free
parameters. Here, Nmol(t) is the number of molecules
remaining in the initial state, T (t) is the temperature
of the remaining distribution, and C = (mω¯2/2pikB)
3/2,
where m is the mass of the molecule and kB is the Boltz-
mann constant. In deriving Eq. (2) it is assumed that
the molecules remain in thermal equilibrium and that
kγ is independent of temperature (see Supplementary
Note 1). The vacuum-limited lifetime, as measured for
87Rb atoms, is & 100 s; we therefore exclude this from
our model and assume that a single process (with corre-
sponding γ) dominates over the time scale of the mea-
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FIG. 2. Thermally averaged loss rate coefficient from
the single-channel model at 1.5 µK. k2(T ) is plotted as
a function of the loss parameter y and the short-range phase
shift δs. The solid and dashed black lines correspond to the
measured k2 and uncertainty respectively.
surement. We fix the initial temperature, and hence the
initial density, in the fitting. An example result is shown
in Fig. 1. We find an optimal value of γ = 2.07(7) (re-
duced chi squared χ2red = 0.998), shown by the solid
black line, suggesting that the loss is governed by a
two-body process. Fits with γ fixed at 1, 2 and 3 have
χ2red = 22.9, 1.27 and 10.4 respectively; in all future fit-
ting we therefore constrain the fits such that γ = 2. The
results shown yield a two-body inelastic loss rate coeffi-
cient k2 = 4.8(6)× 10−11 cm3 s−1.
To confirm the second-order behavior, we explore the
initial loss rate as a function of the starting density, by
varying the number of molecules with the temperature
and trap frequencies fixed. To extract the loss rate, we
fit the first 0.2 s of molecule loss with a linear function to
extract the gradient. The variation of the initial loss rate
as a function of initial density is shown inset in Fig. 1 on
a log-log scale. A linear fit to Fig. 1 yields a gradient of
0.9(3), again indicating a second-order process.
Single-channel model and universal limit
For a complex system such as RbCs+RbCs, it is not
feasible to solve the many-dimensional Schro¨dinger equa-
tion directly using coupled-channel methods to extract
rates for elastic and inelastic collisions. In this case, con-
siderable success has been achieved with single-channel
models based on quantum defect theory (QDT) [51, 52].
These models take account of the fact that, at low colli-
sion energy, much of the particle flux is reflected by the
long-range attractive potential and never reaches short
range. The probability of loss for particles that do reach
short range is characterised by the parameter y, which
is 1 when there is complete loss and 0 when there is
no loss. Any resonant effects in the incoming chan-
nel are characterized by the short-range phase shift δs,
which in the absence of loss is related to the scattering
length a by a/a¯ = 1 + cot
(
δs − pi8
)
. In the limit y → 1,
known as the universal limit, the loss is independent of
δs [51]. The universal rate coefficient at zero temper-
ature is kuniv2 (0) = 8ha¯/m for identical bosons, where
a¯ = 0.477988 · · · × (mC6/~2)1/4 is the mean scattering
length of Gribakin and Flambaum [53].
The long-range interactions are represented by their
leading term −C6R−6, which is caused by the disper-
sion interaction. For RbCs in its rovibrational ground
state, C6 = 141 000 Eha
6
0, which gives a¯ = 233 a0 and
kuniv2 (0) = 1.79×10−10 cm3 s−1 at zero temperature. Our
model [52] carries out QDT using Gao’s analytic wave-
functions for a pure R−6 potential [54, 55], which account
for reflection from the long-range potential. It allows
variation of the loss parameter y and includes multiple
partial waves, so gives the complete energy dependence
of the loss rates, rather than just the leading term as in
ref. [51]. We calculate the thermally averaged rate coef-
ficient, k2(T ) =
∫∞
0
(2/
√
pi)k2(E)x
1/2 exp(−x) dx, where
x = E/kBT .
Figure 2 shows a contour plot of the thermally averaged
loss rate coefficient k2(T ) for ground-state RbCs+RbCs
at 1.5 µK. Finite-temperature effects are important: In
the universal limit, y = 1, the rate coefficient approaches
9.93×10−11 cm3 s−1, which is nearly a factor of two lower
than the zero-temperature value. When y < 1, the loss
may be either lower or higher than the universal limit,
depending on δs. Around δs = pi/8, resonant s-wave
scattering enhances the magnitude of the wavefunction
at short range and causes a broad enhancement in the
loss. Only even partial waves contribute for identical
bosons. Around δs = 5pi/8 there is a narrower band of
enhanced rates due to a d-wave shape resonance. Shape
resonances for higher partial waves exist in k2(E) [52],
but are washed out by thermal averaging in k2(T ).
Contours corresponding to the measured k2 at 1.5 µK
and its 1σ confidence limits are shown in Fig. 2. There is
a band of parameter space that gives loss rates in agree-
ment with experiment. The largest part of this band is
in the region 0.2 < y < 0.4, but lower values of y are
possible in the region of large scattering length around
δs = pi/8. Nevertheless, the region of agreement with the
experiment is entirely y < 0.4, showing that this system
is significantly removed from the universal limit (y = 1).
Temperature dependence
The temperature dependence of the loss rate contains
important additional information. Figure 3 shows the
calculated thermally averaged rate coefficients, as a func-
tion of temperature, for different values of the short-range
phase δs; for each phase, the loss parameter y is chosen
to match the experimental rate coefficient at T = 1.5 µK.
4FIG. 3. Temperature dependence of the loss rate co-
efficient. The horizontal and vertical error bars show the 1σ
uncertainties in the measured temperature and loss rate co-
efficient k2 respectively. The coloured dashed lines all match
the experimental rate coefficient at T = 1.5 µK, for a range
of values labelled by y, δs that follow the solid black line in
Fig. 2. The solid blue line shows the best fit, and the shaded
region corresponds to the range of parameters that agree with
the experimental results (open circles). The black line shows
the loss rate in the universal limit (y = 1).
It may be seen that the form (and even the sign) of the
temperature dependence varies substantially with δs.
We measure loss with a range of starting tempera-
tures from 0.85(5) µK to 3.3(3) µK. Including temper-
ature dependence allows us to fit the short-range phase
as well as the loss parameter y. The best-fit parameters
are y = 0.26(3) and δs = 0.56+0.07−0.05pi (χ
2
red = 0.473),
and the fitted loss rate is shown as the green line in
Fig. 3 with uncertainty given by the shaded region.
This gives us our first indication of the scattering length
for RbCs+RbCs collisions; the fitted δs corresponds to
231 a0 < a < 319 a0.
Magnetic field dependence
The single-channel model has no explicit dependence
on magnetic field, but at fields below 98.8 G the ini-
tial state is no longer the lowest in energy. If hyperfine-
changing collisions were a significant source of loss in the
ground state, we would expect the loss rate to rise at
lower fields. Conversely, if the loss is entirely mediated by
the formation of collision complexes, it is unlikely to be
affected by small changes in the energy of the asymptotic
states and the loss rate will be independent of magnetic
field.
We have measured loss of molecules at various mag-
FIG. 4. Loss rates as a fraction of the universal limit in
a range of rotational and hyperfine states. Molecules
are prepared in a state (N,MF ) with T = 1.5(1) µK. The
energy of each state is given relative to that of (0, +5). filled
circles are measurements where the state is populated directly
by STIRAP, whereas empty circles show where the molecules
are transferred to the state with coherent microwave pi-pulses
(see methods). Error bars show the 1σ uncertainty in the
measured rate constant k2. Numerical values for the results
are given in Supplementary Table 1.
netic fields between 4.6 G and 229.8 G, and over this
range the loss rate does not vary outside experimental
uncertainties (see Supplementary Note 2). This suggests
that loss due to hyperfine-changing collisions is not sig-
nificant, and is consistent with the sticky collision hy-
pothesis.
Collisions in rotationally excited states
We also consider loss of molecules in rotationally and
hyperfine excited states [56]. We have measured loss rate
coefficients at 1.5 µK for two hyperfine-excited states
with N = 0, two states with N = 1 and one state with
N = 2. The universal rate changes between states be-
cause of different rotational contributions to C6, as shown
in Supplementary Table 1. The rate coefficients as a
fraction of the universal rate are shown in Fig. 4, la-
belled by N and the total angular momentum projection
MF = MN + m
Rb
I + m
Cs
I . This fraction is greater for
excited states than for the ground state, and markedly
greater for N = 2. The loss from the N = 2 state is
consistent with the universal limit. This increase prob-
ably results from 2-body inelastic collisions. However,
the higher angular momentum also allows the incoming
channel to couple to a larger number of states of the col-
lision complex [49], which might enhance the complex-
5mediated loss.
Collisions in a mixture of rotational states
We have also measured loss from an incoherent mix-
ture of the spin-stretched states N = 0,MF = +5 and
N = 1,MF = +6. These two states are linked by a
dipole-allowed transition, so collisions between them ex-
perience an additional resonant dipole-dipole interaction.
This is equivalent to the interaction of two space-fixed
dipoles d = d0/
√
6 = 0.50 D. For s-wave scattering this
interaction cancels in first order due to spherical averag-
ing, but for higher partial waves it dies off asymptotically
as R−3. Even for s waves, there are strong higher-order
effects with leading term proportional to R−4. These
terms die off much more slowly than dispersion forces at
long range, so may be expected to produce larger loss
rates.
We start with a 50:50 mixture of molecules in the two
states, at T = 1.5(1) µK, and measure the number re-
maining in each state as a function of time. We model
the rates of change of the densities n0(r, t) and n1(r, t),
for molecules in N = 0 and N = 1 respectively, by the
coupled rate equations
n˙0(r, t) = −k002 n0(r, t)2 −
1
2
k012 n0(r, t)n1(r, t),
n˙1(r, t) = −k112 n1(r, t)2 −
1
2
k012 n0(r, t)n1(r, t).
(3)
We use the values of k002 and k
11
2 measured above for
molecules in identical rotational states. Fitting yields
a value k012 = 7.2(9) × 10−10 cm3 s−1 for the loss rate
coefficient for collisions between molecules in different
rotational states. This is significantly higher than for
molecules prepared in a single rotational and hyperfine
state and demonstrates a significant increase in the loss
rate due to a resonant dipole-dipole interaction.
DISCUSSION
We have presented experimental measurements of loss
rates for non-reactive RbCs molecules. We have demon-
strated that the loss is best described by second-order
rate equations. This suggests that the loss is governed by
a two-body process and supports the sticky collision hy-
pothesis that the rate-limiting step is formation of long-
lived collision complexes [48, 49]. Through investigating
the loss from the rotational and hyperfine ground state
over a temperature range of 0.85(5) µK to 3.3(3) µK
we have determined the loss probability parameter y at
short range to be less than 0.4. We observe no change in
loss rate with varying magnetic field. For rotationally ex-
cited states, the loss is up to a factor of 2 faster, probably
due to rotational relaxation. For a mixture of rotational
states, the loss is much faster, because of resonant dipole
interactions.
Our results for the ground state are inconsistent with
the universal limit of complete loss at short range (y = 1).
The model of Mayle et al. [48, 49] gives a loss rate that is
independent of the density of states, provided the density
is large and the average width is related to the average
spacing as given by RRKM theory. In the ultracold limit,
this rate is equivalent to the universal rate. The lower
loss probability that we observe indicates that the aver-
age width is smaller than predicted by RRKM theory.
This demonstrates a breakdown of ergodicity. A possible
interpretation is that complex formation can occur only
when the molecules collide at a limited range of relative
orientations.
Our value of the loss parameter y is similar to that
seen for reactions of the type (1) in fermionic KRb (y ∼
0.4) [43, 51], suggesting that a similar geometric restric-
tion might apply in that case. Takekoshi et al. [3] pub-
lished results with RbCs at a temperature of 8.7(7) µK,
which is significantly higher than the present work. At
fields above 90 G, they observed k2 ∼ 1×10−10 cm3 s−1,
which is consistent with both our fitted values of y and δs
and the universal limit. They also reported an increase
in the loss rate by an order of magnitude at lower fields,
which they attributed to hyperfine-changing collisions to
form lower-energy states. However, as shown in the Sup-
plementary Figure 3, the increased loss rates are larger
than the maximum allowed by reflection off the long-
range potential at the temperature of the experiment.
The only other non-reactive molecule for which collisions
have been studied in detail is NaRb; the results were in-
terpreted as consistent with the universal limit [47, 57],
but the observed temperature dependence resembles that
calculated here for resonant s-wave scattering at lower y,
as shown by the orange line in Fig. 3.
In conclusion, our measurements of collisional losses in
ultracold RbCs support the sticky collisions hypothesis,
but the rates are significantly lower than the universal
limit. By examining the temperature dependence, we
have seen the first indication of the scattering length for
RbCs+RbCs collisions. By preparing an incoherent mix-
ture of ground and first-excited rotational states, we turn
on a resonant dipole-dipole interaction which greatly in-
creases the loss rate. Our results indicate that active
measures to suppress collisional loss will be needed in
experiments with high-density molecular gases, even if
the molecules are nonreactive.
METHODS
Transfer of molecules to the ground state
We begin our experiments with a sample of weakly-
bound RbCs Feshbach molecules [58], confined to a λ =
1550 nm ODT at a magnetic field of 181.5 G. We transfer
the molecules to a single hyperfine level of the X1Σ+ rovi-
brational ground state via stimulated Raman adiabatic
6passage (STIRAP) [4] in free space (i.e. with the trap
light off) to avoid a spatially-varying ac Stark shift of the
two-photon resonance [59]. The efficiency of the STIRAP
is typically 90%, and we can transfer to hyperfine states
in N = 0 with MF = +5 or MF = +4 depending on the
selected laser polarization [60]. Following STIRAP, the
molecules are recaptured by turning the trapping light
back on. We set the intensity of the trap light before
(IFB) and after (IGS) STIRAP such that the ground-
state molecules experience the same trap parameters as
they did in the Feshbach state, i.e. IGS/IFB = αFB/αGS
where αFB, αGS are the polarizabilities of the Feshbach
and ground states [61]. The ground-state transfer takes
20 µs and the trap light is off for less than 200 µs in all
experiments presented; we detect no significant heating
or loss from this modulation of the trap potential.
Detection of molecules
We measure the number of molecules by reversing the
association process, dissociating the molecules back to
their constituent atoms which are detected via absorp-
tion imaging. We therefore only image molecules which
occupy the specific hyperfine state accessed through the
STIRAP. We extract the number from each absorption
image either by summing pixels in a fixed region of inter-
est or by least squares fitting to a 2D Gaussian function.
We find similar numbers using both methods. Results
plotted in this work show the numbers found using the
pixel summing algorithm.
We produce up to Nmol = 4000 ground-state
molecules. By varying the hold time between the ground-
state molecule recapture and the dissociation for imaging,
we record the time evolution of the number of molecules
remaining in the dipole trap.
Measurement of trap frequencies
We measure the trap frequencies experienced by the
molecules by observing centre-of-mass oscillations in the
optical potential. We also compare the oscillation fre-
quencies for the molecules to those of atoms in the same
potential [61]. For the results shown in Fig. 1, we find
(ωx, ωy, ωz) = 2pi × (181(2), 44(1), 178(1)) Hz where z is
in the direction of gravity.
Measurement of temperatures
The initial temperature of the molecules is measured
by ballistic expansion in free space. Due to the small
number of molecules, we can only image the cloud over
an expansion time of ∼ 2 ms. For comparison, we also
measure the temperature of atoms by the same method
in similar trapping conditions. We find good agreement
between the temperature of the molecules and that of
the atoms. We do not measure the variation of temper-
ature as a function of time during the loss measurement,
as the loss of molecules further limits the maximum ex-
pansion time available leading to unreliable temperature
measurements.
The rate equations (2), which we use to model the
loss, depends on both Nmol(t) and T (t). As described
in the main text, we fit Nmol(t) for a fixed initial T ,
allowing the temperature to evolve as a function of time
within the constraints of the model. We have also fitted
our results assuming the molecules remain at their initial
temperature throughout the measurement. In this limit,
we find that our results are still consistent with a two-
body process. For the results in Fig. 1, we extract k2 =
3.8(5)× 10−11 cm3 s−1.
Optical trapping and varying temperature
To vary the temperature, we adiabatically compress
the molecules prior to ground-state transfer. The low-
est temperature measurements we perform use the λ =
1550 nm ODT in which the Feshbach molecules are ini-
tially prepared. The trap light is derived from a single-
mode IPG fibre laser, which is split into two beams with
focused waists 80 µm and 98 µm crossing at an angle of
27.5◦. There is a frequency difference of 100 MHz be-
tween the two beams originating from the acousto-optic
modulators used to control the beam intensities indepen-
dently. In this trap we can access temperatures from
0.85(5) µK to 1.9(1) µK for geometrically averaged trap
frequencies ω¯/(2pi) between 79 Hz and 149 Hz. This trap
is used for all loss measurements with a temperature of
1.9 µK or below.
To explore higher temperatures, we transfer the
molecules to a different optical potential with λ =
1064.52 nm. The light is generated by a Coherent
Mephisto master oscillator power amplifier, and the trap
formed by crossing two beams with focused waists of
64 µm and 67 µm (and 160 MHz frequency difference) at
an angle of 54◦. To transfer the molecules between the
two traps, we ramp the powers linearly over 50 ms. In
this trap, we performed measurements at temperatures
of 2.6(2) µK and 3.3(3) µK. The result in Fig. 3 with
T = 2.9(1) µK is performed with a mixed wavelength po-
tential, using one beam of the λ = 1064 nm trap crossed
with one beam of the λ = 1550 nm trap. This removes
the possibility of loss or heating due to the 100/160 MHz
beat frequency between the two beams, and allows us to
rule out intensity-dependent losses from either trap.
Eliminating other sources of loss
Collisions of ground-state molecules with Rb atoms,
Cs atoms, or molecules in excited states could also cause
loss. Following Feshbach association, we remove the re-
maining Rb and Cs atoms from the trap via the Stern-
7Gerlach effect. During the separation the atoms do not
experience a trap for over 20 ms, which is sufficient to en-
sure that all atoms have left the region of interest. The
STIRAP process is typically 90% efficient, with the ‘lost’
molecules likely being addressed by the pump light and
transferred to the 3Π1, v = 29, N = 1 electronically ex-
cited state. The lifetime for molecules in this excited
state is 16(1) µs [59], following which the molecules may
decay to either a3Σ+ or X1Σ+. We have performed mea-
surements with STIRAP efficiency between 79% and 93%
with no measurable change to the loss rate indicating
that the molecule fraction which is not transferred to the
ground state plays no role in the subsequent loss. This
is consistent with similar observations in NaRb [47].
We have observed narrow resonant loss features around
1064.48 nm which are dependent on the laser frequency
and intensity. We have investigated the intensity and
density dependence of these features and conclude that
they result from two-photon excitation of the molecules.
All measurements using the 1064 nm trap are performed
at a wavelength of 1064.52 nm, sufficiently far from the
narrow loss features to remove them as a source of loss.
No additional loss features were observed when trapping
with 1550 nm and 1064 nm light together.
We also discount other light-scattering losses in our
experiments. Loss of molecules due to the absorption of
black-body radiation has a rate of 10−5 s−1 for RbCs at
room temperature [62]. For laser light with λ = 1550 nm,
the photon energy is greater than the dissociation energy
of the electronic ground state but far below the poten-
tial minimum for the b3Π state. Photons of wavelength
1064.52 nm are above the potential minimum of the b3Π
state, but transitions to the accessible vibrational lev-
els are strongly suppressed due to small Franck-Condon
factors [63]. By performing measurements at these two
trapping wavelengths, we demonstrate that the loss we
observe is independent of the wavelength of the trap light.
Moreover, by using a mixed-wavelength trap, we elimi-
nate the possibility of intensity dependent losses.
Internal state control and transfer
Following the ground-state transfer, we pulse on mi-
crowaves to perform either a single or a pair of coherent
pi-pulses, transferring the molecules to a different rota-
tional and/or hyperfine state. The microwave transfer
is performed with the optical trap off, and has unit ef-
ficiency [56]. We tune the intensity of the microwaves
such that the Rabi frequency is small enough to avoid
off-resonant excitation of nearby transitions, while still
obtaining a pi pulse duration of < 100 µs. To read out
the number of molecules in an excited state we must re-
verse the sequence of pi-pulses to transfer back to the
original state used for STIRAP.
Measuring loss in higher rotational states requires a
good understanding of the molecular polarizability, and
hence the trapping potential observed for each state. The
trapping light is linearly polarized parallel to the mag-
netic field, and in this case the states chosen each have
a linear ac Stark shift as a function of laser intensity.
This is necessary to avoid possible Landau-Zener-type
loss associated with avoided crossings between hyperfine
states [61]. For each state, we tune the intensity of the
optical trap so that the molecules always experience the
same trap frequency and depth as they do in the ground
state. We do not expect any spontaneous emission from
the rotationally excited states as the rate is ∼ 10−5 s−1.
Preparation of an incoherent mixture
To generate a 50:50 mixture of molecules in different
rotational states, we drive a pi/2-pulse on the transition
between N = 0,MF = +5 and N = 1,MF = +6 in free-
space. This puts the molecules into a coherent, equal
superposition of the two states. The molecules are re-
captured in the λ = 1550 nm ODT, where the super-
position rapidly dephases due to spatial variation in the
energy difference between the states [64]. Using Ram-
sey spectroscopy, we observe no signs of coherence after
a 10 µs hold in the ODT; this is four orders of magni-
tude faster than the timescale of the loss. The density
matrix which describes the cloud following this dephas-
ing contains only the diagonal elements and thus can be
considered a mixed state.
As the two states have different polarizabilities,
αN=1/αN=0 ≈ 0.9, we cannot tune the laser intensity to
match the trap parameters to those before preparation
for both states. We have performed experiments where
the trap frequency and depth is matched for either N = 0
and N = 1, and we measure the same value of k2 in both
cases.
Dispersion coefficients
Dispersion coefficients C6 arise from the dipole-dipole
interaction in second order and may be calculated using
perturbation theory. For the interaction of two RbCs
molecules, they are dominated by rotational terms in-
volving the permanent molecular dipole moment. The
necessary matrix elements can be found in, for exam-
ple, Ref. [65]. The result for the rotational ground state,
C6,rot = µ
4
elec/6B, is well known. For rotationally excited
states, the diagonal part of C6 varies with the projection
quantum number MN and with partial wave L. There
are additional contributions to C6 from electronic disper-
sion and induction interactions, which we take from ref.
[66].
We calculate the C6 coefficients using accurate values
for the RbCs electric dipole moment µelec = 1.225 D [4]
and rotational constant B = 490.173994 MHz [56]. For
the rotational ground state the combination of rotational
and electronic contributions gives C6 = 141 000 Eha
6
0.
For the rotationally excited state, we find for L = 0:
8C6 = 141 000 Eha
6
0 for N = 1, MN = 0; C6 =
96 000 Eha
6
0 for N = 1, MN = 1; and C6 = 82 000 Eha
6
0
for N = 2, MN = 2.
A. Data availability
All data presented in this work are available at
DOI:10.15128/r270795768f.
[1] Ni, K.-K. et al. A high phase-space-density gas of polar
molecules. Science 322, 231–235 (2008).
[2] Lang, F., Winkler, K., Strauss, C., Grimm, R. &
Hecker Denschlag, J. Ultracold triplet molecules in the
rovibrational ground state. Phys. Rev. Lett. 101, 133005
(2008).
[3] Takekoshi, T. et al. Ultracold dense samples of dipo-
lar RbCs molecules in the rovibrational and hyperfine
ground state. Phys. Rev. Lett. 113, 205301 (2014).
[4] Molony, P. K. et al. Creation of ultracold 87Rb133Cs
molecules in the rovibrational ground state. Phys. Rev.
Lett. 113, 255301 (2014).
[5] Park, J. W., Will, S. A. & Zwierlein, M. W. Ultracold
dipolar gas of fermionic 23Na40K molecules in their abso-
lute ground state. Phys. Rev. Lett. 114, 205302 (2015).
[6] Guo, M. et al. Creation of an ultracold gas of ground-
state dipolar 23Na87Rb molecules. Phys. Rev. Lett. 116,
205303 (2016).
[7] Rvachov, T. M. et al. Long-lived ultracold molecules with
electric and magnetic dipole moments. Phys. Rev. Lett.
119, 143001 (2017).
[8] Seeßelberg, F. et al. Modeling the adiabatic creation of
ultracold polar 23Na40K molecules. Phys. Rev. A 97,
013405 (2018).
[9] Truppe, S. et al. Molecules cooled below the dopper limit.
Nature Physics 13, 1173–1176 (2017).
[10] Anderegg, L. et al. Laser cooling of optically trapped
molecules. Nature Physics 14, 890–893 (2018).
[11] Santos, L., Shlyapnikov, G. V., Zoller, P. & Lewenstein,
M. Bose-Einstein condensation in trapped dipolar gases.
Phys. Rev. Lett. 85, 1791 (2000).
[12] Ni, K.-K., Ospelkaus, S., Nesbitt, D. J., Ye, J. & Jin,
D. S. A dipolar gas of ultracold molecules. Phys. Chem.
Chem. Phys. 322, 231 (2009).
[13] Carr, L. D., DeMille, D., Krems, R. V. & Ye, J. Cold
and ultracold molecules: science, technology and appli-
cations. New J. Phys. 11, 055049 (2009).
[14] Baranov, M. A., Dalmonte, M., Pupillo, G. & Zoller,
P. Condensed matter theory of dipolar quantum gases.
Chem. Rev. 112, 5012 (2012).
[15] Marco, L. D. et al. A Fermi degenerate gas of polar
molecules. Science 363, 853–856 (2018).
[16] Krems, R. V. Cold controlled chemistry. Phys. Chem.
Chem. Phys. 10, 4079 (2008).
[17] Bell, M. T. & Softley, T. P. Ultracold molecules and
ultracold chemistry. Molecular Physics 107, 99 (2009).
[18] Dulieu, O., Krems, R., Weidemu¨ller, M. & Willitsch, S.
Physics and chemistry of cold molecules. Phys. Chem.
Chem. Phys. 13, 18703 (2011).
[19] Balakrishnan, N. Perpective: Ultracold molecules and
the dawn of cold controlled chemistry. J. Chem. Phys.
145, 150901 (2016).
[20] Weiner, J., Bagnato, V. S., Zilio, S. & Julienne, P. S.
Experiments and theory in cold and ultracold collisions.
Rev. Mod. Phys. 71, 1 (1999).
[21] Chin, C., Grimm, R., Julienne, P. & Tiesinga, E. Fesh-
bach resonances in ultracold gases. Rev. Mod. Phys. 82,
1225 (2010).
[22] Tiesinga, E., Verhaar, B. J. & Stoof, H. T. C. Thresh-
old and resonance phenomena in ultracold ground-state
collisions. Phys. Rev. A 47, 4114 (1993).
[23] Inouye, S. et al. Observation of Feshbach resonances in a
Bose-Einstein condensate. Nature 392, 151–154 (1998).
[24] Courteille, P., Freeland, R. S., Heinzen, D. J., van Abee-
len, F. A. & Verhaar, B. J. Observation of a Feshbach
resonance in cold atom scattering. Phys. Rev. Lett. 81,
69 (1998).
[25] Regal, C. A., Greiner, M. & Jin, D. S. Observation of
resonance condensation of Fermionic atom pairs. Phys.
Rev. Lett. 92, 040403 (2004).
[26] Zwierlein, M. W. et al. Condensation of pairs of fermionic
atoms near a Feshbach resonance. Phys. Rev. Lett. 92,
120403 (2004).
[27] Chin, C. et al. Precision Feshbach spectroscopy of ultra-
cold Cs2. Phys. Rev. A 70, 032701 (2004).
[28] Bourdel, T. et al. Experimental study of the BEC-BCS
crossover region in lithium 6. Phys. Rev. Lett. 93, 050401
(2004).
[29] Kinast, J., Hemmer, S. L., Gehm, M. E., Turlapov, A. &
Thomas, J. E. Evidence for superfluidity in a resonantly
interacting Fermi gas. Phys. Rev. Lett. 92, 150402 (2004).
[30] Greiner, M., Regal, C. A. & Jin, D. S. Probing the exci-
tation spectrum of a Fermi gas in the BCS-BEC crossover
regime. Phys. Rev. Lett. 94, 070403 (2005).
[31] Zwierlein, M. W., Abo-Shaeer, J. R., Schirotzek, A.,
Schunck, C. H. & Ketterle, W. Vortices and superflu-
idity in a strongly interacting Fermi gas. Nature 435,
1047–1051 (2005).
[32] Kraemer, T. et al. Evidence for Efimov quantum states in
an ultracold gas of caesium atoms. Nature 440, 315–318
(2006).
[33] Ottenstein, T. B., Lompe, T., Kohnen, M., Wenz, A. N.
& Jochim, S. Collisional stability of a three-component
degenerate Fermi gas. Phys. Rev. Lett. 101, 203202
(2008).
[34] Zaccanti, M. et al. Observation of an Efimov spectrum
in an atomic system. Nature Physics 5, 586–591 (2009).
[35] Barontini, G. et al. Observation of heteronuclear atomic
Efimov resonances. Phys. Rev. Lett 103, 043201 (2009).
9[36] Pollack, S. E., Dries, D. & Hulet, R. G. Universality
in three- and four-body bound states of ultracold atoms.
Science 326, 1683–1685 (2009).
[37] Knoop, S. et al. Observation of an Efimov-like trimer
resonance in ultracold atom-dimer scattering. Nature
Physics 5, 227–230 (2009).
[38] Huckans, J. H., Williams, J. R., Hazlett, E. L., Stites,
R. W. & O’Hara, K. M. Three-body recombination in
a three-state Fermi gas with widely tunable interactions.
Phys. Rev. Lett 102, 165302 (2009).
[39] Williams, J. R. et al. Evidence for an excited-state Efi-
mov trimer in a three-component fermi gas. Phys. Rev.
Lett 103, 130404 (2009).
[40] Gross, N., Shotan, Z., Kokkelmans, S. & Khaykovich, L.
Observation of universality in ultracold 7Li three-body
recombination. Phys. Rev. Lett 103, 163202 (2009).
[41] Berninger, M. et al. Universality of the three-body pa-
rameter for Efimov states in ultracold cesium. Phys. Rev.
Lett. 107, 120401 (2011).
[42] Huang, B., Sidorenkov, L. A., Grimm, R. & Hutson,
J. M. Observation of the second triatomic resonance in
Efimov’s scenario. Phys. Rev. Lett. 112, 190401 (2014).
[43] Ospelkaus, S. et al. Quantum-state controlled chemi-
cal reactions of ultracold potassium-rubidium molecules.
Science 327, 853–857 (2010).
[44] Ni, K.-K. et al. Dipolar collisions of polar molecules in
the quantum regime. Nature 464, 1324–1328 (2010).
[45] Drews, B., Deiß, M., Jachymksi, K., Idziaszek, Z. &
Hecker Denschlag, J. Inelastic collisions of ultracold
triplet Rb2 molecules in the rovibrational ground state.
Nature Communications 8, 14854 (2017).
[46] Zu´chowski, P. S. & Hutson, J. M. Reactions of ultracold
alkali-metal dimers. Phys. Rev. A 81, 060703(R) (2010).
[47] Ye, X., Guo, M., Guo, Gonza´lez-Mart´ınez, M. L.,
Que´me´ner, G. & Wang, D. Collisions of ultracold
23Na87Rb with controlled chemical reactivities. Science
Advances 4, eaaq0083 (2018).
[48] Mayle, M., Ruzic, B. P. & Bohn, J. L. Statistical aspects
of ultracold resonant scattering. Phys. Rev. A 85, 062712
(2012).
[49] Mayle, M., Que´me´ner, G., Ruzic, B. P. & Bohn, J. L.
Scattering of ultracold molecules in the highly resonant
regime. Phys. Rev. A 87, 012709 (2013).
[50] Levine, R. D. Molecular Reaction Dynamics (Cambridge
University Press, 2005).
[51] Idziaszek, Z. & Julienne, P. S. Universal rate cconstant
for reactive collisions of ultracold molecules. Phys. Rev.
Lett. 104, 113202 (2010).
[52] Frye, M. D., Julienne, P. S. & Hutson, J. M. Cold atomic
and molecular collisions: approaching the universal loss
regime. New J. Phys. 17, 045019 (2015).
[53] Gribakin, G. F. & Flambaum, V. V. Calculation
of the scattering length in atomic collisions using the
semiclassical approximation. Phys. Rev. A 48, 546–
553 (1993). URL https://link.aps.org/doi/10.1103/
PhysRevA.48.546.
[54] Gao, B. Solutions of the Schro¨dinger equation for an
attractive 1/r6 potential. Phys. Rev. A 58, 1728–1734
(1998).
[55] Gao, B. General form of the quantum-defect theory
for−1/rα type of potentials with α > 2. Phys. Rev. A
78, 012702 (2008).
[56] Gregory, P. D., Aldegunde, J., Hutson, J. M. & Cor-
nish, S. L. Controlling the rotational and hyperfine
state of ultracold 87Rb133Cs molecules. Phys. Rev. A
94, 041403(R) (2016).
[57] Guo, M. et al. Dipolar collisions of ultracold ground-
state bosonic molecules. Phys. Rev. X 8, 041044
(2018). URL https://link.aps.org/doi/10.1103/
PhysRevX.8.041044.
[58] Ko¨ppinger, M. P. et al. Production of optically trapped
87RbCs Feshbach molecules. Phys. Rev. A 89, 033604
(2014).
[59] Molony, P. K. et al. Production of ultracold 87Rb133Cs
in the absolute ground state: complete characterisation
of the stirap transfer. Chem. Phys. Chem. 17, 3811-3817
(2016).
[60] Molony, P. K. et al. Measurement of the binding energy of
ultracold 87rb133cs molecules using an offset-free optical
frequency comb. Phys. Rev. A 94, 022507 (2016).
[61] Gregory, P. D., Blackmore, J. A., Aldegunde, J., Hut-
son, J. M. & Cornish, S. L. AC stark effect in ultracold
polar 87Rb133Cs molecules. Phys. Rev. A 96, 021402(R)
(2017).
[62] Vanhaecke, N., Meier, U., Andrist, M., Meier, B. H. &
Merkt, F. Multistage Zeeman deceleration of hydrogen
atoms. Phys. Rev. A 75, 031402(R) (2007).
[63] Vexiau, R. Dynamique et controˆle optique des mole´cules
froides. Ph.D. thesis, Universite´ Paris Sud, Paris
(2012). URL https://tel.archives-ouvertes.fr/
tel-00783399.
[64] Blackmore, J. A. et al. Ultracold molecules for quan-
tum simulation: rotational coherences in caf and rbcs.
Quantum Sci. Technol. 4, 014010 (2018).
[65] Lepers, M. & Dulieu, O. Long-range interactions between
ultracold atoms and molecules. In Cold chemistry: molec-
ular scattering and reactivity near absolute zero, 150–202
(Royal Society of Chemistry, 2017).
[66] Z˙uchowski, P., Kosicki, M., Kodrycka, M. & Solda´n, P.
Van der Waals coefficients for systems with ultracold
polar alkali-metal molecules. Phys. Rev. A 87, 022706
(2013).
II. ACKNOWLEDGEMENTS
This work was supported by the U.K. Engineering
and Physical Sciences Research Council (EPSRC) Grants
No. EP/H003363/1, EP/I012044/1, EP/P008275/1 and
EP/P01058X/1. The authors thank A. Kumar, P. K.
Molony, and Z. Ji for their work in the early stages of
the experiment, J. Aldegunde for calculations regarding
the hyperfine and rotational structure of RbCs, and T.
Karman for valuable discussions.
III. AUTHOR CONTRIBUTIONS
PDG, JAB, EMB, and RS performed the experiments,
and are responsible for analysis in determining second-
order behaviour and extracting loss rates. MDF carried
out the single-channel calculations. SLC and JMH
supervised the project. The manuscript was written by
PDG, MDF, JMH, and SLC.
10
Competing interests: The authors declare no competing interests.
11
IV. SUPPLEMENTARY NOTE 1: DERIVATION OF RATE EQUATIONS (2)
We model the rate of change of density n˙(r, t) = −kγn(r, t)γ . Here the power of the density γ = 1, 2, 3 corresponds
to losses governed by one-, two-, and three-body processes respectively, and kγ is the collision rate coefficient for the
γ-body loss. For a thermal ensemble trapped in a harmonic trap the density is given by
n(r, t) =
Nmol(t)ωxωyωzm
3/2
(2pikBT (t))
3/2
e
−m[ω
2
xx
2+ω2yy
2+ω2zz
2]
2kBT (t) . (4)
Here, Nmol(t) is the number of molecules remaining, T (t) is the temperature of the remaining distribution, m is
the mass of the molecule, kB is the Boltzmann constant, and ωx, ωy, ωz are the trapping frequencies in the x, y, z
directions respectively. The rate of change of the number of molecules can be then obtained by integrating n˙(r, t),
N˙mol(t) =
∫
n˙(r, t)d3r = −kγC(γ−1)
(
Nmol(t)
γ
γ3/2T (t)(3/2)(γ−1)
)
, (5)
where C = (mω¯2/2pikB)
3/2 and ω¯ =
√
ωxωyωz is the geometric mean of the trapping frequencies.
The temperature of the remaining molecules will change as a function of time. This is due to molecules being
preferentially lost from the centre of the trap where the density is highest. The probability that loss occurs at a given
location and time can be calculated as ploss(r) =
n(r,t)γ∫
n(r,t)γd3r
. The total energy of colliding molecules averaged over
all molecules can therefore be calculated as
Eavg =
∫
ploss(r)
m
2
(
ω2xx
2 + ω2yy
2 + ω2zz
2
)
dx dy dz +
3
2
kBT =
3kBT (1 + γ)
2γ
, (6)
where the first and second terms in the middle expression are the potential and kinetic energy contributions respec-
tively. The total energy at time t is 3kBT (t)Nmol(t). If ∆Nmol = Nmol(t) − Nmol(t + δt) molecules are lost in time
δt and the temperature changes to T (t + δt), the total energy at time t + δt is, 3kBT (t + δt)[Nmol(t) − ∆Nmol] =
3kBT (t)Nmol(t)−∆NmolEavg. For small δt this gives a rate equation for the temperature,
T˙ (t) =
N˙mol(t)
Nmol(t)
(
Eavg
3kB
− T (t)
)
= kγC
(γ−1)
(
γ − 1
2γ
)(
Nmol(t)
γ−1
γ3/2T (t)(3γ−5)/2
)
. (7)
We note that for γ = 1, which corresponds to one-body loss, the temperature is unchanged.
In deriving Supplementary Eq. 7 we have assumed that the molecules remain in thermal equilibrium. Using the
single-channel QDT model, we can calculate elastic cross sections as well as loss rates. For our best-fit parameters,
the elastic cross section is larger than the loss cross section by a factor of 1.8 at E = 1.5 µK×kB. In addition, the
timescale of the loss is significantly greater than a quarter of the trapping period for all measurements performed.
The molecules will therefore thermalize on a timescale comparable to the loss.
We have also assumed that kγ is constant over the course of a single loss measurement. However, due to the density
dependence of the loss, we expect that the temperature of the sample will increase over the course of each measurement.
When fitting the model to the time dependence of the molecule number, we also extract a best estimate for how the
sample temperature varies (see Supplementary Fig. 1). The variation in temperature over a single measurement is
typically ∼ 1 µK. As we have no method of experimentally verifying this temperature change, we use the starting
temperature in our analysis. For our best-fit parameters, shown in Fig. 3, the loss rate is relatively flat as a function
of temperature, certainly below 2.5 µK, and we therefore do not expect this assumption to have much impact. The
stronger dependence of k2 on collision energy at higher temperatures may explain the slight deviation between theory
and experiment for the highest-temperature investigated.
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FIG. 5. Time evolution of the sample temperature. Temperature according to the fitted model assuming fixed k2 for
each experimental measurement in Fig. 3 in the main text.
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V. SUPPLEMENTARY NOTE 2: EXPERIMENTS AT DIFFERENT MAGNETIC FIELDS
As discussed in the main text, to investigate loss of molecules at a range of magnetic fields, we transfer the molecules
to the ground state with B = 181.5 G. We then ramp the magnetic field to the desired value linearly over 50 ms.
After a variable hold time, B is ramped back to 181.5 G over a further 50 ms before dissociation and imaging. The
measured loss rates for a range of magnetic fields between 4.6 G and 229.8 G are shown in Supplementary Fig. 2.
FIG. 6. Dependence of loss rate on magnetic field. (a) Hyperfine Zeeman structure of RbCs in the rotational ground
state. Molecules occupy the spin-stretched state N = 0,MF = +5 highlighted. (b) Measured two-body loss rate coefficient
as a function of magnetic field for molecules with initial temperature T = 1.5 µK. The error bars show the 1 − σ uncertainty
in the measured loss rate coefficient k2. We observe no variation in the loss rate even when the occupied hyperfine state is
no longer the lowest energy. The horizontal red line indicates the average loss rate coefficient of 4.4(1) cm3 s−1 across all the
results shown.
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VI. SUPPLEMENTARY NOTE 3: NUMERICAL VALUES FOR
RESULTS SHOWN IN FIG. (4) IN THE MAIN TEXT
(N,MF ) E/h k
univ
2 (0) k
univ
2 (1.5 µK) k
exp.
2
(kHz) (×10−11 cm3 s−1) (×10−11 cm3 s−1) (×10−11 cm3 s−1)
(0, +5)* 0 17.9 9.9 4.8(6)
(0, +5)* 0 17.9 9.9 4.5(8)
(0, +4) 58 17.9 9.9 6.3(7)
(0, +4)* 201 17.9 9.9 5.8(5)
(0, +4) 201 17.9 9.9 6.4(7)
(1, +5) 980,231 17.9 9.9 6.4(9)
(1, +6) 980,385 16.3 9.4 6.2(8)
(2, +7) 2,941,090 15.8 9.1 9(1)
TABLE I. Loss rates measured in a range of rotational and hyperfine states. Molecules are prepared in a state
(N,MF ) with T = 1.5 µK and B = 181.5 G. The energy E of each state is given with respect to the state (0, +5), which at
this magnetic field has the lowest energy. Asterisks indicate measurements where the state is populated directly with STIRAP.
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VII. SUPPLEMENTARY NOTE 4: THERMALLY AVERAGED LOSS RATE COEFFICIENTS AT 8.7 µK
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FIG. 7. Contour plot of thermally averaged loss rate coefficients k2 for RbCs from the single-channel model at
8.7 µK. This temperature corresponds to measurements of loss reported in [3]. In this work, Takekoshi et al. observed fast
loss with rates up to 10−9 cm3 s−1 in magnetic fields below ∼ 90 G, which they attributed to hyperfine-changing collisions.
However, loss rates this high are larger than the maximum allowed by reflection off the long-range potential at the temperature
of the experiment.
